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A New Marker Based on the Avian Spindlin Gene
That Is Able to Sex Most Birds, Including Species
Problematic to Sex With CHD Markers
Deborah A. Dawson,* Natalie dos Remedios, and Gavin J. Horsburgh
Department of Animal and Plant Sciences, University of Shefﬁeld, Western Bank, Shefﬁeld, South Yorkshire,
United Kingdom
We have developed a newmarker (Z43B) that can be successfully used to identify the sex of most birds (69%), including species
difﬁcult or impossible to sex with other markers. We utilized the zebra ﬁnch Taeniopygia guttata EST microsatellite sequence
(CK309496)which displays sequencehomology to the 50 untranslated region (UTR)of the avian spindlingene. This gene is known
to be present on the Z and W chromosomes. To maximize cross-species utility, the primer set was designed from a consensus
sequence created from homologs of CK309496 that were isolated from multiple distantly related species. Both the forward and
reverse primer sequences were 100% identical to 14 avian species, including the Z chromosome of eight species and the chicken
Gallus gallus W chromosome, as well as the saltwater crocodile Crocodylus porosus. The Z43B primer set was assessed by
genotyping individuals of known sex belonging to 61 non-ratite species and a single ratite. The Z andWamplicons differed in size
making it possible to distinguish between males (ZZ) and females (ZW) for the majority (69%) of non-ratite species tested,
comprising 10 orders of birds.We predict that this marker will be useful for obtaining sex-typing data for ca 6,869 species of birds
(69% of non-ratites but not galliforms). A wide range of species could be sex-typed including passerines, shorebirds, eagles,
falcons, bee-eaters, cranes, shags, parrots, penguins, ducks, and a ratite species, the brown kiwi, Apteryx australis. Those species
sexed include species impossible or problematic to sex-typewith othermarkers (magpie, albatross, petrel, eagle, falcon, crane, and
penguin species). Zoo Biol. XX:XX–XX, 2016. © 2016 The Authors. Zoo Biology published by Wiley Periodicals, Inc.
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INTRODUCTION
In at least 50% of all bird species, the sexes of adults
are morphologically indistinguishable and for themajority of
species, nestlings cannot be sexed. We developed a new
marker for sex-typing birds that can be used to identify sex
in most species, including those that are impossible or
problematic to sex-type with other published markers.
This marker, Z43B, can also be used as a second marker
to conﬁrm the accuracy of sex-typing data.
Species Which Are Impossible or Problematic to
Sex-Type With Currently Available Markers
One of the most commonly used bird sex-typing primer
sets is P2–P8 which distinguishes between sex based on a
difference in size between amplicons of CHD-Z and CHD-W
genes (Chromodomain-Helicase-DNA-binding gene; Grifﬁths
et al. [1998]; see the BIRD SEX-TYPING webpage: http://
www.shef.ac.uk/nbaf-s/databases/birdsexing). This set is able
to sex approximately 80% of non-ratite species [Dawson,
2007]. Species that cannot be sex-typed with P2–P8 include
eagles, falcons, and vultures, Pelecaniformes, Piciformes,
geese, owls, petrels, albatrosses, pigeons, and doves (Table 1).
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For those species that can be sexed with P2–P8, ampliﬁcation
usually requires a low annealing temperature (48°C) and a
touchdown PCR program. Many species require species-
speciﬁc PCR optimization; for example, testing a range of
magnesium chloride concentrations and/or different an-
nealing temperatures, and, in some cases, extending PCR
step time lengths and cycle numbers: examples include
passerines, cranes, penguins, owls, and other birds of prey
(Table 1).
Difficulties in the Genetic Sex-Typing of Ratites
Most ratites can only be sex-typed using species-
speciﬁc markers and cannot be sex-typed with the P2–P8
primer set (e.g., ostrich Struthio camelus, Grifﬁths et al.
[1998]; Southern cassowary Casuarius casuarius, emu
Dromaius novae-hollandiae and greater rhea Rhea
americana; Vucicevic et al. [2013]). We therefore tested
the utility of the Z43B marker in ﬁve ratite species.
Factors Affecting the Accuracy of Sex-Typing Data
Several factors can lead to errors in the sexing of
individuals when using PCR based methods [Dawson et al.,
2001; Robertson and Gemmell, 2006; Casey et al., 2009].
Themost commonly observed of these is error due to dropout
of the W allele which makes true females (ZW) appear male
(ZZ; DAD pers. obs., BIRD SEX-TYPING webpage: http://
www.shef.ac.uk/nbaf-s/databases/birdsexing). Allelic drop-
out [Toouli et al., 2000] is possible for any autosomal/sex
locus but is more likely for sex-typing markers, and is caused
by base differences between the primer bind regions on
the W and Z chromosome homologs (as opposed to
difference in the primer bind regions between two alleles
of a single autosomal locus). By selecting (Z-W) homolo-
gous sequences that are highly conserved between multiple
species (ideally species that are distantly related), it is
possible to reduce the likelihood of allelic dropout [Dawson
et al., 2010]. A second source of error when performing
genetic sex-typing is associated with the occurrence of Z
polymorphism, as, for example, has been observed for
P2–P8 in auklets [Dawson et al., 2001]. Z-polymorphism
leads to some males possessing two differently sized (Z)
alleles. It is common to assume that when two differently
sized amplicons are observed, it indicates the individual is
female, whereas observation of a single amplicon indicates a
male, and because of these assumptions, unrecognized
Z-polymorphism leads to the incorrect classiﬁcation of true
males as females. A third error source is polymorphism of
TABLE 1. Examples of species that cannot be sexed with the P2–P8 CHD primer set [Grifﬁths et al., 1998] or for which
optimization was required
Order Common name Latin name P2–P8 sexing result References
Anseriformes Bar-headed goose Anser indicus Sexing not possible Vucicevic et al. [2013]
Anseriformes Hawaiian goose Branta sandvicensis Sexing not possible Vucicevic et al. [2013]
Columbiformes Multiple pigeon
species
Sexing not possible Filipa Martins and Susana Lopes,
pers. comm.
Columbiformes Multiple dove
species
Sexing not possible Filipa Martins and Susana Lopes,
pers. comm.
Columbiformes Seychelles turtle
dove
Streptopelia picturata
rostrata
Sexing not possible Andrew Krupa, pers. comm.
Falconiformes Eurasian Griffon
vulture
Gyps fulvus Sexing not possible Kocijan et al. [2011]
Falconiformes Eagles and Old
World vultures
Sexing not possible Itoh et al. [2001], Sacchin et al. [2004],
and Reddy et al. [2007]
Galliformes Indian peafowl Pavo cristatus Required optimization Andrew Krupa, pers. comm.
Gruiformes Blue crane Anthropoides paradiseus Required optimization Kate Carstens, pers. comm.
Passeriformes Black-billed
magpie
Pica pica Required optimization Juan-Gabriel Martinez, pers. comm.
Passeriformes Brazilian
tanager
Ramphocelus (carbo)
bresilius
Required optimization Denise Nogueira, pers. comm.
Passeriformes Pied flycatcher Ficedula hypoleuca Required optimization Nicola Goodship, pers. comm.
Passeriformes Fairy martin Hirundo ariel Required optimization Ian Stewart, pers. comm.
Pelecaniformes European shag Phalacrocorax aristotelis Sexing not possible Kocijan et al. [2011]
Pelecaniformes Scarlet ibis Eudocimus ruber Sexing not possible Vucicevic et al. [2013]
Piciformes White-throated
toucan
Ramphastos cuvieri Sexing not possible Vucicevic et al. [2013]
Procellariiformes White-chinned
petrel
Procellaria
(aequinoctialis)
aequinoctialis
Sexing not possible Douglas Ross, pers. comm.
Procellariiformes Multiple albatross
species
Sexing not possible Douglas Ross, pers. comm.
Sphenisciformes Gentoo penguin Pygoscelis papua Required optimization Douglas Ross, pers. comm.
Sphenisciformes Macaroni
penguin
Eudyptes
(pachyrhnchus)
sclateri
Required optimization Douglas Ross, pers. comm.
Strigiformes Eagle owl Bubo bubo Sexing not possible Vucicevic et al. [2013]
Strigiformes Barn owl Tyto alba Required optimization Akos Klein, pers. comm.
Ten orders of birds (47 species) Required optimization Jensen et al. [2003]
2 Dawson et al.
Zoo Biology
the W allele which is rare but is also possible and can
lead to error when interpreting sex-typing data. If any of
the W alleles are identical or very similar in size to the Z
allele they will remain undetected and true females will be
mistaken for males. The fourth, and perhaps rarest source of
error, is the potential for heteroduplexes, where extra non-
speciﬁc products are ampliﬁed, leading to truemales to being
mistaken as females, when two alleles are incorrectly
assumed to indicate a female [Casey et al., 2009]. These
potential sources of error highlight that it is important when
interpreting sex-typing data to identify which alleles are
speciﬁc to the Z chromosome and which are the W-linked
alleles, and this is achieved by comparing the sizes of the
different alleles ampliﬁed in each sex. The allele that is only
present in females is predicted to be the W allele and the
allele observed in both sexes is expected to be the Z-linked
allele. Sex-typing error can be easily recognized by including
several individuals of known sex for both sexes, however,
sex can be distinguished based on morphology for only ca
50% of bird species. Therefore to ensure accurate sex-typing,
the only validation method for these sexually monomorphic
species, would be to amplify each individual with a
combination of two (or more) genetic sex-typing markers
(ideally from different loci) and then compare the data from
each marker.
We have identiﬁed a newmarker capable of sex-typing
species that P2–P8 cannot and that can be used as a second
marker to conﬁrm the accuracy of bird sex-typing data. We
achieved this by identifying a locus with a Z andW homolog
for which it was possible to design a marker whose primer
sequences are highly conserved among multiple genetically
distant bird species. The locus identiﬁed was homologous to
the avian spindlin gene, which is known to be present on the
Z and W chromosomes [Itoh et al., 2001; de Kloet and de
Kloet, 2003].
METHODS
The zebra ﬁnch Taeniopygia guttata EST microsatel-
lite sequence CK309496 [Replogle et al., 2008] was obtained
from the NCBI EST (EST_others) database. This sequence
was found to possess homology to the avian spindlin gene
which is known to be present on the Z and W chromosomes
[Itoh et al., 2001; de Kloet and de Kloet, 2003]. To date, few
W homologs of sequence CK309496 exist, however, there
are Z homologs as a result of bird genome assembly projects,
for which males have typically been sequenced. A sequence
alignment was created to compare the sequence (CK309496)
to 19 homologous Z/W sequences from 16 bird species,
including the Z homologs of nine species, unmapped
homologs of seven other species, and the W homologs of
chicken Gallus gallus, mallard Anas platyrhynchos, and
turkey Meleagris gallopavo, and ﬁnally also including
the saltwater crocodile Crocodylus porosus. Sequences were
extracted from online databases (the ENSEMBL genome
browser, National Center for Biotechnology Information
[NCBI] “nr/nt” Nucleotide collection database, GenBank,
and the European Bioinformatics Institute [EBI] including
the European Molecular Biology Laboratory [EMBL]
and the European Nucleotide Archive [ENA]). The Z
and W sequences aligned included those from distantly
related species, such as the chicken (Z and W) and the zebra
ﬁnch (Z) and these displayed variation in the repeat region.
The sequence of the zebra ﬁnch W paralogue was not
available because the zebra ﬁnch W chromosome has
not yet been sequenced (as of September 30, 2014). We
used an approach similar to that of Dawson et al.
[2010]. We created a consensus sequence from these
multiple homologous sequences using MEGA3 [Kumar
et al., 2004] and designed a primer set (Z43B) from this
consensus sequence using PRIMER3 v0.4.0 [Rozen and
Skaletsky, 2000]. After including a single degenerate base
in the reverse primer, both primer sequences are an exact
(100%) match to homologs in 14 avian species, including
eight Z chromosome homologs (including the zebra ﬁnch
and chicken), the chicken W chromosome and the saltwater
crocodile (Table 2A and B). We calculated the expected
product sizes in these species using the sequence homologs
of the (CK309496) sequence extracted from the NCBI “nr”
nucleotide database and the ENSEMBL genome database
(Table 2B).
The primer set was tested for its ability to sex 61 non-
ratite species of birds belonging to 30 families and 15 orders
and also tested in one ratite species, the brown kiwi, Apteryx
australis (all species tested included both sexes, females and
males). We genotyped individuals belonging to four
additional ratite species because most ratites require sex-
typing using species-speciﬁc markers. However, known
sexes were not available for the additional ratite species
tested. This brought the total number of bird species
genotyped to 66 (including 62 species with known sexes).
Several species that had been previously found to be difﬁcult
to sex-type using the P2–P8 primer set (see Introduction)
were tested with the Z43B primer set, including magpie,
albatross, petrel, eagles, falcons, crane, owl, penguin, and
dove species. Finally, we genotyped saltwater crocodile
individuals (unknown sexes) and checked for PCR ampliﬁ-
cation. When sequence data were available for a species
genotyped, we checked that the observed (genotyped) allele
size matched the size predicted based on the sequence (i.e.,
for the saltwater crocodile, and those bird species for which
known Z and/or W homologous sequences were available).
Genomic DNA was extracted from blood or feathers
using an ammonium acetate protocol [Nicholls et al., 2000;
Richardson et al., 2001]. PCR reactions were performed in 2-
ml volumes [Kenta et al. 2008], containing ca 10 ng of
lyophilized genomic DNA, 1ml of QIAGENMultiplex PCR
MasterMix (QIAGEN,Manchester, UK) and 0.2mMof each
primer (with the forward primer ﬂuorescently labeled with 6-
FAM). We recommend the use of QIAGEN Multiplex
Master Mix for PCR sex-typing (in both singleplex and
multiplex PCRs) because it enables ampliﬁcation even when
A New Spindlin Bird Sex-Typing Marker 3
Zoo Biology
T
A
B
L
E
2.
D
et
ai
ls
of
a
ne
w
m
ar
ke
r
(Z
43
B
)
fo
r
se
x-
ty
pi
ng
a
w
id
e
ra
ng
e
of
bi
rd
s
(A
)
P
ri
m
er
se
qu
en
ce
s
an
d
P
C
R
de
ta
ils
;
(B
)
A
co
m
pa
ri
so
n
of
si
m
ila
ri
ty
of
th
e
Z
43
B
se
x-
ty
pi
ng
pr
im
er
se
qu
en
ce
s
to
th
ei
r
ho
m
ol
og
s
in
va
ri
ou
s
bi
rd
an
d
re
pt
ile
s
A L
oc
us
Pr
im
er
se
qu
en
ce
50
–
30
(a
nd
fl
uo
ro
-l
ab
el
)
T
m
(°
C
)
T
a
(°
C
)
R
ep
ea
t
m
ot
if
am
pl
if
ie
d
in
bi
rd
s
O
bs
er
ve
d
al
le
le
si
ze
ra
ng
e
in
60
bi
rd
sp
ec
ie
s
(b
p)
(s
ee
T
ab
le
3)
Z
43
B
(F
)
[6
-F
A
M
]-
C
T
T
G
A
G
A
C
T
A
A
T
T
C
C
A
C
T
C
C
51
.3
7
50
(A
T
) n
(G
T
) n
26
0–
28
2
(R
)
T
T
T
A
C
A
T
G
G
C
A
G
C
yT
G
A
51
.6
4
or
54
.3
6
(C
)
B O
rd
er
Fa
m
ily
Sp
ec
ie
s
C
hr
om
os
om
e
lo
ca
tio
n
if
st
at
ed
in
se
q.
re
co
rd
or
id
en
tif
ie
d
ba
se
d
on
se
q.
ho
m
ol
og
y
or
ob
se
rv
ed
al
le
le
si
ze
%
Fo
rw
ar
d
pr
im
er
se
qu
en
ce
si
m
ila
ri
ty
(2
0
bp
)
%
R
ev
er
se
pr
im
er
se
qu
en
ce
si
m
ila
ri
ty
(1
7
bp
)
Id
en
tit
y
of
ba
se
at
th
e
si
te
of
re
ve
rs
e
pr
im
er
de
ge
n.
ba
se
a
E
xp
.
W
al
le
le
si
ze
(b
p)
E
xp
.
Z
al
le
le
si
ze
(b
p)
E
xp
.
al
le
le
si
ze
(u
nk
no
w
n
ch
r)
(b
p)
O
bs
.
W
al
le
le
(b
p)
s
O
bs
.Z
al
le
le
(b
p)
s
Se
qu
en
ce
ac
ce
ss
io
n
nu
m
be
r
an
d
so
ur
ce
/ty
pe
an
d
de
sc
ri
pt
io
n
Pa
ss
er
if
or
m
es
E
st
ri
ld
id
ae
Z
eb
ra
fi
nc
h
T
ae
ni
op
yg
ia
gu
tt
at
a
Z
(h
om
ol
og
y
an
d
al
le
le
si
ze
)
10
0
10
0
C
U
nk
.
n/
a
27
1
26
1
27
2
C
K
30
94
96
E
ST
(E
xp
re
ss
ed
se
qu
en
ce
ta
g)
”
”
”
Z
(m
al
e
¼
Z
Z
)
10
0
10
0
C
n/
a
27
1
n/
a
26
1
27
2
Z
eb
ra
Fi
nc
h
(t
ae
G
ut
3.
2.
4)
,
M
al
e
se
qu
en
ce
d
E
N
SE
M
B
L
G
en
om
e
as
se
m
bl
y
”
”
”
Z
(h
om
ol
og
y
an
d
al
le
le
si
ze
)
10
0
10
0
C
n/
a
n/
a
27
1
26
1
27
2
X
M
_0
02
19
33
58
.2
sp
in
dl
in
-Z
-l
ik
e
(L
O
C
10
02
18
02
3)
,
m
R
N
A
”
Fr
in
gi
lli
da
e
M
ed
iu
m
gr
ou
nd
-f
in
ch
G
eo
sp
iz
a
fo
rt
is
U
nk
no
w
na
(d
eg
en
C
¼
Z
?)
10
0
10
0
C
n/
a
n/
a
27
2
N
T
N
T
X
M
_0
05
42
35
67
.1
sp
in
dl
in
-Z
-l
ik
e
(L
O
C
10
20
39
25
2)
,
m
R
N
A
”
”
C
om
m
on
ca
na
ry
Se
ri
nu
s
ca
na
ri
a
U
nk
no
w
na
(d
eg
en
C
¼
Z
?)
10
0
10
0
C
n/
a
n/
a
27
1
(2
71
)
27
1
X
M
_0
09
09
60
98
.1
sp
in
dl
in
1
(S
PI
N
1)
,
m
R
N
A
”
”
W
hi
te
-t
hr
oa
te
d
sp
ar
ro
w
Z
on
ot
ri
ch
ia
al
bi
co
ll
is
U
nk
no
w
na
(d
eg
en
C
¼
Z
?)
10
0
10
0
C
n/
a
n/
a
27
2
N
T
N
T
X
M
_0
05
48
61
95
.1
sp
in
dl
in
-Z
-l
ik
e
(L
O
C
10
20
67
78
1)
,
m
R
N
A
”
M
us
ci
ca
pi
da
e
C
ol
la
re
d
fl
yc
at
ch
er
F
ic
ed
ul
a
al
bi
co
ll
is
Z
(h
om
ol
og
y)
10
0
10
0
C
n/
a
n/
a
26
9
N
T
N
T
X
M
_0
05
06
09
65
.1
sp
in
dl
in
-Z
-l
ik
e
(L
O
C
10
18
19
39
8)
,
m
R
N
A
”
”
”
(Z
)b
(m
al
e
¼
Z
Z
)
10
0
10
0
C
n/
a
26
9
n/
a
N
T
N
T
Fl
yc
at
ch
er
(F
ic
A
lb
_1
.4
),
 M
al
e
se
qu
en
ce
d
E
N
SE
M
B
L
ge
no
m
e
sc
af
fo
ld
s
”
Pi
pr
id
ae
G
ol
de
n-
co
lla
re
d
m
an
ak
in
M
an
ac
us
vi
te
ll
in
us
U
nk
no
w
na
(d
eg
en
C
¼
Z
?)
10
0
10
0
C
n/
a
n/
a
27
1
N
T
N
T
X
M
_0
08
92
59
81
.1
sp
in
dl
in
1
(S
PI
N
1)
,
m
R
N
A
”
C
or
vi
da
e
A
m
er
ic
an
cr
ow
C
or
vu
s
br
ac
hy
rh
yn
ch
os
U
nk
no
w
na
(d
eg
en
C
¼
Z
?)
10
0
10
0
C
n/
a
n/
a
27
1
N
T
N
T
X
M
_0
08
64
01
74
.1
sp
in
dl
in
1
(S
PI
N
1)
,
m
R
N
A
”
A
ca
nt
hi
si
tti
da
e
R
if
le
m
an
A
ca
nt
hi
si
tt
a
ch
lo
ri
s
Z
(a
lle
le
si
ze
)
10
0
10
0
C
n/
a
n/
a
27
1
26
1
27
2
X
M
_0
09
07
34
19
.1
sp
in
dl
in
1
(S
PI
N
1)
,
m
R
N
A
Fa
lc
on
if
or
m
es
Fa
lc
on
id
ae
Sa
ke
r
fa
lc
on
F
al
co
ch
er
ru
g
Z
(a
lle
le
si
ze
)
10
0
10
0
C
n/
a
n/
a
27
2
26
6
27
3
X
M
_0
05
43
59
16
.1
sp
in
dl
in
-Z
-l
ik
e
(L
O
C
10
20
53
80
0)
,
m
R
N
A
”
”
Pe
re
gr
in
e
fa
lc
on
F
al
co
pe
re
gr
in
us
Z
(a
lle
le
si
ze
)
10
0
10
0
C
n/
a
n/
a
27
2
26
6
27
3
X
M
_0
05
23
98
29
.1
sp
in
dl
in
-Z
-l
ik
e
(L
O
C
10
19
12
75
4)
,
m
R
N
A
4 Dawson et al.
Zoo Biology
T
A
B
L
E
2.
(C
on
ti
nu
ed
)
B O
rd
er
Fa
m
ily
Sp
ec
ie
s
C
hr
om
os
om
e
lo
ca
tio
n
if
st
at
ed
in
se
q.
re
co
rd
or
id
en
tif
ie
d
ba
se
d
on
se
q.
ho
m
ol
og
y
or
ob
se
rv
ed
al
le
le
si
ze
%
Fo
rw
ar
d
pr
im
er
se
qu
en
ce
si
m
ila
ri
ty
(2
0
bp
)
%
R
ev
er
se
pr
im
er
se
qu
en
ce
si
m
ila
ri
ty
(1
7
bp
)
Id
en
tit
y
of
ba
se
at
th
e
si
te
of
re
ve
rs
e
pr
im
er
de
ge
n.
ba
se
a
E
xp
.
W
al
le
le
si
ze
(b
p)
E
xp
.
Z
al
le
le
si
ze
(b
p)
E
xp
.
al
le
le
si
ze
(u
nk
no
w
n
ch
r)
(b
p)
O
bs
.
W
al
le
le
(b
p)
s
O
bs
.Z
al
le
le
(b
p)
s
Se
qu
en
ce
ac
ce
ss
io
n
nu
m
be
r
an
d
so
ur
ce
/ty
pe
an
d
de
sc
ri
pt
io
n
Ps
itt
ac
if
or
m
es
Ps
itt
ac
id
ae
B
ud
ge
ri
ga
r
M
el
op
si
tt
ac
us
un
du
la
tu
s
(Z
)b
(m
al
e
¼
Z
Z
)
10
0
10
0
C
n/
a
27
1
n/
a
N
T
N
T
B
ud
ge
ri
ga
r
M
el
U
nd
6.
3b
(M
al
e
se
qu
en
ce
d)
E
N
SE
M
B
L
G
en
om
e
sc
af
fo
ld
Sp
he
ni
sc
if
or
m
es
Sp
he
ni
sc
id
ae
E
m
pe
ro
r
pe
ng
ui
n
A
pt
en
od
yt
es
fo
rs
te
ri
U
nk
no
w
n
(P
oo
r
se
q?
/p
oo
r
ho
m
ol
og
y)
75
n/
a
n/
a
n/
a
n/
a
n/
a
N
T
N
T
X
M
_0
09
28
09
78
.1
R
E
ST
co
re
pr
es
so
r
1
(R
C
O
R
1)
,
m
R
N
A
C
ol
um
bi
fo
rm
es
C
ol
um
bi
da
e
R
oc
k
pi
ge
on
C
ol
um
ba
li
vi
a
U
nk
no
w
na
(d
eg
en
C
¼Z
?)
10
0
10
0
C
n/
a
n/
a
27
1
N
T
N
T
X
M
_0
05
51
21
06
.1
sp
in
dl
in
-Z
-l
ik
e
(L
O
C
10
20
91
95
5)
,
m
R
N
A
G
al
lif
or
m
es
Ph
as
ia
ni
da
e
C
hi
ck
en
¥
G
al
lu
s
ga
ll
us
W
(h
om
ol
og
y)
10
0
10
0
T
26
5
n/
a
n/
a
(2
66
)Ŧ
26
6
C
hi
ck
en
(G
al
ga
l4
),
Fe
m
al
e
se
qu
en
ce
d.
E
N
SE
M
B
L
G
en
om
e
as
se
m
bl
y
”
”
”
Z
(h
om
ol
og
y)
10
0
10
0
C
n/
a
26
6
n/
a
(2
66
)Ŧ
26
6
C
hi
ck
en
(G
al
ga
l4
),
Fe
m
al
e
se
qu
en
ce
d.
E
N
SE
M
B
L
G
en
om
e
as
se
m
bl
y
”
”
”
W
10
0
10
0
T
26
5
n/
a
n/
a
(2
66
)Ŧ
26
6
A
C
17
58
32
.2
B
A
C
cl
on
e
C
H
26
1-
75
N
4
fr
om
ch
ro
m
os
om
e
W
,
co
m
pl
et
e
se
qu
en
ce
”
”
”
Z
10
0
10
0
C
n/
a
26
6
n/
a
(2
66
)Ŧ
26
6
A
C
18
65
46
.3
B
A
C
cl
on
e
C
H
26
1-
9B
3
fr
om
ch
ro
m
os
om
e
Z
,
co
m
pl
et
e
se
qu
en
ce
”
”
”
W
(h
om
ol
og
y)
10
0
10
0
T
26
5
n/
a
n/
a
(2
66
)Ŧ
26
6
C
R
39
13
35
.1
fi
ni
sh
ed
cD
N
A
,
cl
on
e
C
hE
ST
67
9i
11
”
”
”
Z
10
0
10
0
C
n/
a
26
6
n/
a
(2
66
)Ŧ
26
6
N
M
_2
04
63
3.
1
sp
in
dl
in
1
(S
PI
N
Z
),
m
R
N
A
”
”
”
W
10
0
10
0
T
26
5
n/
a
n/
a
(2
66
)Ŧ
26
6
N
M
_2
04
19
1.
1
sp
in
dl
in
1
(S
PI
N
W
),
m
R
N
A
”
”
T
ur
ke
y
M
el
ea
gr
is
ga
ll
op
av
o
Z
(a
lle
le
si
ze
)
90
10
0
C
n/
a
27
1
n/
a
N
T
27
2
T
ur
ke
y
(U
M
D
2)
,
fe
m
al
e
se
qu
en
ce
d
E
N
SE
M
B
L
ge
no
m
e
as
se
m
bl
y
”
”
”
Su
sp
ec
te
d
W
(Z
¼
27
2
bp
an
d
de
ge
n
T
¼W
?)
a
90
88
T
26
1
n/
a
n/
a
N
T
27
2
T
ur
ke
y
(U
M
D
2)
,
fe
m
al
e
se
qu
en
ce
d
E
N
SE
M
B
L
ge
no
m
e
as
se
m
bl
y
A
ns
er
if
or
m
es
A
na
tid
ae
M
al
la
rd
A
na
s
pl
at
yr
hy
nc
ho
s
Z
(a
lle
le
si
ze
)
10
0
10
0
C
n/
a
27
1
n/
a
26
3
27
1
D
uc
k
(B
G
I_
du
ck
_1
.0
),
fe
m
al
e
se
qu
en
ce
d
E
N
SE
M
B
L
ge
no
m
e
sc
af
fo
ld
s
”
”
”
W
(a
lle
le
si
ze
)
10
0
88
T
26
2
n/
a
n/
a
26
3
27
1
D
uc
k
(B
G
I_
du
ck
_1
.0
),
fe
m
al
e
se
qu
en
ce
d
E
N
SE
M
B
L
ge
no
m
e
sc
af
fo
ld
s
A New Spindlin Bird Sex-Typing Marker 5
Zoo Biology
T
A
B
L
E
2.
(C
on
ti
nu
ed
)
B O
rd
er
Fa
m
ily
Sp
ec
ie
s
C
hr
om
os
om
e
lo
ca
tio
n
if
st
at
ed
in
se
q.
re
co
rd
or
id
en
tif
ie
d
ba
se
d
on
se
q.
ho
m
ol
og
y
or
ob
se
rv
ed
al
le
le
si
ze
%
Fo
rw
ar
d
pr
im
er
se
qu
en
ce
si
m
ila
ri
ty
(2
0
bp
)
%
R
ev
er
se
pr
im
er
se
qu
en
ce
si
m
ila
ri
ty
(1
7
bp
)
Id
en
tit
y
of
ba
se
at
th
e
si
te
of
re
ve
rs
e
pr
im
er
de
ge
n.
ba
se
a
E
xp
.
W
al
le
le
si
ze
(b
p)
E
xp
.
Z
al
le
le
si
ze
(b
p)
E
xp
.
al
le
le
si
ze
(u
nk
no
w
n
ch
r)
(b
p)
O
bs
.
W
al
le
le
(b
p)
s
O
bs
.Z
al
le
le
(b
p)
s
Se
qu
en
ce
ac
ce
ss
io
n
nu
m
be
r
an
d
so
ur
ce
/ty
pe
an
d
de
sc
ri
pt
io
n
R
ep
til
e
A
rc
ho
sa
ur
ia
A
lli
ga
to
ri
da
e
C
hi
ne
se
al
lig
at
or
A
ll
ig
at
or
si
ne
ns
is
U
nk
no
w
n
10
0
10
0
C
n/
a
n/
a
27
2
N
T
N
T
X
M
_0
06
02
23
99
.1
sp
in
dl
in
-Z
-l
ik
e
(L
O
C
10
23
74
73
2)
,
tr
an
sc
ri
pt
va
ri
an
t
X
1,
m
R
N
A
R
ep
til
e
T
es
tu
di
ne
s
T
ri
on
yc
hi
da
e
C
hi
ne
se
so
ft
-s
he
lle
d
tu
rt
le
P
el
od
is
cu
s
si
ne
ns
is
U
nk
no
w
n
10
0
10
0
C
n/
a
n/
a
27
5
N
T
N
T
X
M
_0
06
13
18
95
.1
sp
in
dl
in
-Z
-l
ik
e
(L
O
C
10
24
50
43
6)
,
tr
an
sc
ri
pt
va
ri
an
t
X
2,
m
R
N
A
R
ep
til
e
T
es
tu
di
ne
s
E
m
yd
id
ae
W
es
te
rn
pa
in
te
d
tu
rt
le
C
hr
ys
em
ys
pi
ct
a
be
ll
ii
U
nk
no
w
n
90
10
0
C
n/
a
n/
a
28
3
N
T
N
T
X
M
_0
05
30
76
32
.2
sp
in
dl
in
1
(S
PI
N
1)
,
tr
an
sc
ri
pt
va
ri
an
t
X
3,
m
R
N
A
R
ep
til
e
T
es
tu
di
ne
s
C
he
lo
ni
id
ae
G
re
en
se
a
tu
rt
le
C
he
lo
ni
a
m
yd
as
U
nk
no
w
n
90
10
0
C
n/
a
n/
a
28
5
N
T
N
T
X
M
_0
07
05
92
21
.1
sp
in
dl
in
-Z
-l
ik
e
(L
O
C
10
29
39
20
2)
,
m
R
N
A
R
ep
til
e
L
ep
id
os
au
ri
a
Ig
ua
ni
da
e
A
no
le
liz
ar
d
A
no
li
s
ca
ro
li
ne
ns
is
C
hr
.
2
85
94
C
n/
a
n/
a
26
3
N
T
N
T
A
no
le
liz
ar
d
A
no
C
ar
2.
0
E
N
SE
M
B
L
ge
no
m
e
as
se
m
bl
y
T
m
,m
el
tin
g
te
m
pe
ra
tu
re
ob
ta
in
ed
fr
om
PR
IM
E
R
3
v0
.4
.0
[R
oz
en
an
d
Sk
al
et
sk
y,
20
00
];
T
a,
an
ne
al
in
g
te
m
pe
ra
tu
re
us
ed
fo
rP
C
R
;
,i
ni
tia
lly
so
m
e
sp
ec
ie
s
w
er
e
am
pl
iﬁ
ed
at
56
°C
(s
ee
T
ab
le
3)
bu
t
w
e
re
co
m
m
en
d
50
°C
(s
ee
te
xt
);
bp
,b
as
e
pa
ir
;
C
,D
eg
en
.,
th
e
de
ge
ne
ra
te
re
ve
rs
e
pr
im
er
ba
se
(y
¼
C
/T
)
le
ad
s
to
va
ri
at
io
n
in
th
e
re
ve
rs
e
pr
im
er
m
el
tin
g
te
m
pe
ra
tu
re
:
T
¼
51
.6
4°
C
an
d
C
¼
54
.3
6°
C
;U
nk
.
,e
xp
ec
te
d
al
le
le
si
ze
w
as
un
kn
ow
n
be
ca
us
e
no
ze
br
a
ﬁ
nc
h
W
ch
ro
m
os
om
e
se
qu
en
ce
is
av
ai
la
bl
e;
¥,
lo
ca
tio
n
of
lo
cu
s
(a
s
of
25
th
Se
pt
em
be
r2
01
4)
in
th
e
ch
ic
ke
n
ge
no
m
e:
Z
ch
r.
,4
2,
64
7,
95
6
bp
an
d
W
ra
nd
om
ch
r.
,1
53
,0
46
bp
;i
n
th
e
ze
br
a
ﬁ
nc
h:
Z
ch
r.
,7
,5
29
,9
68
bp
;s
,s
ex
es
of
in
di
vi
du
al
s
w
er
e
de
te
rm
in
ed
ba
se
d
on
m
or
ph
ol
og
y
of
ad
ul
tb
ir
ds
,b
eh
av
io
r
or
ot
he
r
ge
ne
tic
m
ar
ke
rs
(s
ee
T
ab
le
2)
;Ŧ
,t
he
la
ck
of
di
ff
er
en
ce
be
tw
ee
n
m
al
e
an
d
fe
m
al
e
ch
ic
ke
ns
m
ay
be
be
ca
us
e
th
e
ch
ic
ke
n
W
al
le
le
is
id
en
tic
al
or
ve
ry
si
m
ila
ri
n
si
ze
to
th
e
Z
al
le
le
(p
re
di
ct
ed
si
ze
di
ff
er
en
ce

1
bp
).
A
lte
rn
at
iv
el
y,
it
is
po
ss
ib
le
th
at
th
e
W
al
le
le
m
ay
be
fa
ili
ng
to
am
pl
if
y
in
ch
ic
ke
n,
al
th
ou
gh
th
is
is
un
lik
el
y
ba
se
d
on
10
0%
pr
im
er
-t
ar
ge
th
om
ol
og
y;
E
xp
.,
ex
pe
ct
ed
;O
bs
.,
ob
se
rv
ed
;
n/
a,
no
t
av
ai
la
bl
e;
N
T
,n
ot
te
st
ed
.
a T
he
de
ge
ne
ra
te
ba
se
in
th
e
re
ve
rs
e
pr
im
er
(y
¼
C
/T
)
ap
pe
ar
ed
to
be
ch
ro
m
os
om
e
sp
ec
iﬁ
c
in
bi
rd
s,
ex
is
tin
g
as
a
“
A
”
on
th
e
W
ch
ro
m
os
om
e
an
d
“
T
”
on
th
e
Z
ch
ro
m
os
om
e
(b
as
ed
on
th
e
kn
ow
n
W
ho
m
ol
og
s
of
th
re
e
sp
ec
ie
s
an
d
kn
ow
n
Z
ho
m
ol
og
s
of
se
ve
n
sp
ec
ie
s)
an
d
m
ay
as
si
st
in
id
en
tif
yi
ng
th
e
ch
ro
m
os
om
e
or
ig
in
of
ea
ch
se
qu
en
ce
).
b
M
al
e
(Z
Z
)
in
di
vi
du
al
se
qu
en
ce
d,
so
se
qu
en
ce
m
us
t
be
th
at
of
th
e
Z
ch
ro
m
os
om
e.
6 Dawson et al.
Zoo Biology
T
A
B
L
E
3.
A
ss
es
sm
en
t
of
th
e
Z
43
B
m
ar
ke
r
fo
r
se
x-
ty
pi
ng
bi
rd
s
A
.
Z
43
B
as
se
ss
ed
in
61
no
n-
ra
tit
e
sp
ec
ie
s
be
lo
ng
in
g
to
30
fa
m
ili
es
in
15
bi
rd
or
de
rs
O
rd
er
(s
ub
-o
rd
er
)a
N
C
B
I
ta
xo
no
m
ic
cl
as
si
fi
ca
tio
n
Sp
ec
ie
s
B
in
om
ia
l
na
m
e
n
K
n. F
K
n. M
Z
43
B
W
al
le
le
si
ze
(b
p)
Z
43
B
Z
al
le
le
si
ze
(b
p)
Se
xe
d
w
ith
Z
43
B
N
ot
es
T
a
(°
C
)
Sa
m
pl
es
su
pp
lie
d
by
A
ve
s;
N
eo
gn
at
ha
e
N
on
-r
at
ite
s
A
ns
er
if
or
m
es
A
na
tid
ae
M
al
la
rd
A
na
s
pl
at
yr
hy
nc
ho
s
5
2
3
26
3
27
2
Y
50
E
m
m
a
C
un
ni
ng
ha
m
”
”
M
us
co
vy
du
ck
C
ai
ri
na
m
os
ch
at
a
6
3
3
26
1
27
2
Y
56
M
os
he
n
V
ae
z
B
uc
er
ot
if
or
m
es
B
uc
er
ot
id
ae
M
on
te
ir
o’
s
ho
rn
bi
ll
T
oc
ku
s
m
on
te
ir
i
8
2
4
27
2
N
N
o
va
ri
at
io
n
56
D
av
id
R
ic
ha
rd
so
n
C
ha
ra
dr
iif
or
m
es
C
ha
ra
dr
iid
ae
K
en
tis
h
pl
ov
er
C
ha
ra
dr
iu
s
al
ex
an
dr
in
us
4
2
2
26
6
27
2
Y
50
C
le
m
en
s
K
€ up
pe
r
”
”
Sn
ow
y
pl
ov
er
C
ha
ra
dr
iu
s
ni
vo
su
s
3
1
2
26
6
27
2
Y
50
C
le
m
en
s
K
€ up
pe
r
”
”
R
in
ge
d
pl
ov
er
C
ha
ra
dr
iu
s
hi
at
ic
ul
a
4
2
2
26
6
27
2
Y
50
Pa
ve
l
T
om
ko
vi
ch
”
C
hi
on
id
ae
(C
hi
on
id
id
ae
)
G
re
at
er
sh
ea
th
bi
ll
C
hi
on
is
al
ba
4
1
2
27
2
N
N
o
va
ri
at
io
n
50
R
ic
ha
rd
Ph
ill
ip
s
”
A
lc
id
ae
(L
ar
id
ae
)
W
hi
sk
er
ed
au
kl
et
A
et
hi
a
py
gm
ae
a
17
2
7
26
6
27
0,
27
4,
28
0,
28
2
Y
Z
po
ly
m
or
ph
is
m
50
Fi
on
a
H
un
te
r
”
Sc
ol
op
ac
id
ae
R
uf
f
P
hi
lo
m
ac
hu
s
pu
gn
ax
4
2
2
26
3
27
1
Y
A
ll
fe
m
al
es
w
er
e
26
3
ho
m
oz
yg
ot
es
50
D
av
id
L
an
k
”
”
C
ur
le
w
sa
nd
pi
pe
r
C
al
id
ri
s
fe
rr
ug
in
ea
4
2
2
26
3
N
N
o
va
ri
at
io
n
50
Ji
m
de
Fo
uw
”
”
D
un
lin
C
al
id
ri
s
al
pi
na
2
1
1
26
3
N
N
o
va
ri
at
io
n
50
Ji
m
de
Fo
uw
”
”
L
itt
le
st
in
t
C
al
id
ri
s
m
in
ut
a
3
1
2
26
6
27
2
Y
50
Ji
m
de
Fo
uw
”
”
R
ed
sh
an
k
T
ri
ng
a
to
ta
nu
s
4
2
2
26
4
27
2
Y
50
Ji
m
de
Fo
uw
”
”
T
er
ek
sa
nd
pi
pe
r
X
en
us
ci
ne
re
us
4
3
1
26
1
26
6,
27
2
Y
Z
po
ly
m
or
ph
is
m
50
Ji
m
de
Fo
uw
”
”
T
ur
ns
to
ne
A
re
na
ri
a
in
te
rp
re
s
4
2
2
26
1,
26
4,
26
6
N
N
o
W
am
p.
/n
o
va
ri
at
io
n
(a
ll
ho
m
oz
yg
ot
es
)
50
Ji
m
de
Fo
uw
C
ol
um
bi
fo
rm
es
C
ol
um
bi
da
e
Se
yc
he
lle
s
tu
rt
le
do
ve
St
re
pt
op
el
ia
pi
ct
ur
at
a
ro
st
ra
ta
8
4
4
27
2
N
N
o
va
ri
at
io
n
56
D
av
id
R
ic
ha
rd
so
n
C
or
ac
iif
or
m
es
C
or
ac
iid
ae
E
ur
op
ea
n
ro
lle
r
C
or
ac
ia
s
ga
rr
ul
us
4
1
3
26
4
27
2
Y
56
M
er
ce
de
s
M
ol
in
a
M
or
al
es
,
Je
su
s
M
.
A
vi
le
s,
D
av
id
M
ar
t ı
n-
G
 al
ve
z,
Ju
an
G
ab
ri
el
M
ar
tin
ez
M
er
op
id
ae
E
ur
op
ea
n
be
e-
ea
te
r
M
er
op
s
ap
ia
st
er
6
4
2
27
0
27
2
Y
A
ll
fe
m
al
es
w
er
e
27
0
ho
m
oz
yg
ot
es
50 an
d
56
K
at
e
L
es
se
ls
Fa
lc
on
if
or
m
es
A
cc
ip
itr
id
ae
G
ol
de
n
ea
gl
e
A
qu
il
a
ch
ry
sa
et
os
7
4
3
26
8
27
1
Y
50 an
d
56
B
ri
an
B
ou
rk
e
”
”
Sp
an
is
h
Im
pe
ri
al
ea
gl
e
A
qu
il
a
ad
al
be
rt
i
7
2
5
26
8
27
1
Y
50
B
eg
on
a
M
ar
tin
ez
-C
ru
z
”
”
W
hi
te
-t
ai
le
d
se
a
ea
gl
e
H
al
ia
ee
tu
s
al
bi
ci
ll
a
10
6
4
27
1
27
2
Y
1b
p
di
ff
er
en
ce
50
Fr
an
k
H
ai
le
r
co
nt
in
ue
d
A New Spindlin Bird Sex-Typing Marker 7
Zoo Biology
T
A
B
L
E
3.
(C
on
ti
nu
ed
)
A
.
Z
43
B
as
se
ss
ed
in
61
no
n-
ra
tit
e
sp
ec
ie
s
be
lo
ng
in
g
to
30
fa
m
ili
es
in
15
bi
rd
or
de
rs
O
rd
er
(s
ub
-o
rd
er
)a
N
C
B
I
ta
xo
no
m
ic
cl
as
si
fi
ca
tio
n
Sp
ec
ie
s
B
in
om
ia
l
na
m
e
n
K
n. F
K
n. M
Z
43
B
W
al
le
le
si
ze
(b
p)
Z
43
B
Z
al
le
le
si
ze
(b
p)
Se
xe
d
w
ith
Z
43
B
N
ot
es
T
a
(°
C
)
Sa
m
pl
es
su
pp
lie
d
by
”
”
B
on
el
li’
s
ea
gl
e
H
ie
ra
ae
tu
s
fa
sc
ia
tu
s
10
7
3
26
8
27
1
Y
50
Sa
ra
M
ir
a
”
”
C
om
m
on
bu
zz
ar
d
B
ut
eo
bu
te
o
10
7
3
27
1
27
2
Y
1b
p
di
ff
er
en
ce
50
Pa
ul
Jo
hn
so
n
”
”
O
sp
re
y
P
an
di
on
ha
li
ae
tu
s
ha
li
ae
tu
s
50
20
30
26
8
27
2
Y
50
C
ol
in
H
ew
itt
”
Fa
lc
on
id
ae
M
au
ri
tiu
s
ke
st
re
l
F
al
co
pu
nc
ta
tu
s
3
1
2
26
6
26
9
Y
50
Ji
m
G
ro
om
br
id
ge
”
”
Pe
re
gr
in
e
F
al
co
pe
re
gr
in
us
14
5
9
26
6
27
3
Y
50 an
d
56
A
nd
y
D
ix
on
,
L
ou
is
e
G
en
tle
,
L
uc
y
W
eb
st
er
,
E
st
he
r
K
et
te
l,
E
liz
ab
et
h
W
oo
dw
ar
d,
D
er
by
sh
ir
e
W
ild
lif
e
T
ru
st
,
H
el
en
H
ip
pe
rs
on
,
Sh
ef
fi
el
d
B
ir
d
St
ud
y
G
ro
up
,S
or
by
B
re
ck
R
in
gi
ng
G
ro
up
,
D
av
id
W
oo
d
”
”
Sa
ke
r
F
al
co
ch
er
ru
g
9
5
4
26
6
27
3
Y
50 an
d
56
A
nd
y
D
ix
on
”
”
E
le
on
or
a’
s
fa
lc
on
F
al
co
el
eo
no
ra
e
18
13
5
26
6
27
1
Y
50 an
d
56
C
la
ud
ie
D
ou
m
s
G
al
lif
or
m
es
M
eg
ap
od
iid
ae
A
us
tr
al
ia
n
br
us
h-
tu
rk
ey
A
le
ct
ur
a
la
th
am
i
8
6
2
-
27
2
N
N
o
va
ri
at
io
n
56
D
ar
ry
l
Jo
ne
s
”
Ph
as
ia
ni
da
e
C
hi
ck
en
(C
ri
tte
nd
en
br
ee
d)
G
al
lu
s
ga
ll
us
8
6
2
-
26
6
N
N
o
va
ri
at
io
n
56
H
an
s
C
he
ng
”
”
R
ed
gr
ou
se
L
ag
op
us
la
go
pu
s
sc
ot
ic
a
6
4
2
27
2
N
N
o
va
ri
at
io
n
50
Pa
ul
Jo
hn
so
n
”
”
C
om
m
on
ph
ea
sa
nt
P
ha
si
an
us
co
lc
hi
cu
s
5
3
2
27
2
N
N
o
va
ri
at
io
n
50
O
liv
ie
r
H
an
ot
te
G
ru
if
or
m
es
G
ru
id
ae
B
lu
e
cr
an
e
G
ru
s
pa
ra
di
se
a
7
2
2
26
6
27
1
Y
56
K
at
e
C
ar
st
en
s,
T
ia
w
an
na
T
ay
lo
r
Pa
ss
er
if
or
m
es
(P
as
se
ri
)
A
eg
ith
al
id
ae
L
on
g
ta
ile
d
tit
A
eg
it
ha
lo
s
ca
ud
at
us
4
2
2
27
1
N
N
o
va
ri
at
io
n
50
D
ou
gl
as
R
os
s,
B
en
H
at
ch
w
el
l
”
(C
or
vo
id
ea
),
C
or
vi
da
e
B
la
ck
-b
ill
ed
m
ag
pi
e
P
ic
a
pi
ca
23
12
11
26
0
27
2
Y
56
D
av
id
M
ar
t ı
n-
G
 al
ve
z,
Ju
an
G
ab
ri
el
M
ar
tin
ez
”
Pa
ri
da
e
B
lu
e
tit
P
ar
us
ca
er
ul
eu
s
4
2
2
27
2
N
N
o
va
ri
at
io
n
50
Ia
in
B
ar
r
”
(P
as
se
ro
id
ea
),
E
st
ri
ld
id
ae
/P
as
se
ri
da
e
Z
eb
ra
fi
nc
h
T
ae
ni
op
yg
ia
gu
tt
at
a
7
3
4
26
1
27
2
Y
56
T
im
B
ir
kh
ea
d
”
Fr
in
gi
lli
da
e
C
an
ar
y
Se
ri
nu
s
ca
na
ri
a
8
3
5
27
1
N
N
o
va
ri
at
io
n
50
R
up
er
t
M
ar
sh
al
l
”
Pa
ru
lid
ae
Se
yc
he
lle
s
w
ar
bl
er
A
cr
oc
ep
ha
lu
s
se
ch
el
le
ns
is
4
2
2
27
3
N
N
o
va
ri
at
io
n
50
D
av
id
R
ic
ha
rd
so
n
co
nt
in
ue
d
8 Dawson et al.
Zoo Biology
T
A
B
L
E
3.
(C
on
ti
nu
ed
)
A
.
Z
43
B
as
se
ss
ed
in
61
no
n-
ra
tit
e
sp
ec
ie
s
be
lo
ng
in
g
to
30
fa
m
ili
es
in
15
bi
rd
or
de
rs
O
rd
er
(s
ub
-o
rd
er
)a
N
C
B
I
ta
xo
no
m
ic
cl
as
si
fi
ca
tio
n
Sp
ec
ie
s
B
in
om
ia
l
na
m
e
n
K
n. F
K
n. M
Z
43
B
W
al
le
le
si
ze
(b
p)
Z
43
B
Z
al
le
le
si
ze
(b
p)
Se
xe
d
w
ith
Z
43
B
N
ot
es
T
a
(°
C
)
Sa
m
pl
es
su
pp
lie
d
by
”
(A
ca
nt
hi
si
tti
)
A
ca
nt
hi
si
tti
da
e
R
if
le
m
an
A
ca
nt
hi
si
tt
a
ch
lo
ri
s
10
4
6
26
1
27
2
Y
50
St
ep
h
H
od
ge
s,
B
en
H
at
ch
w
el
l
”
(T
yr
an
ni
)
Fo
rm
ic
ar
iid
a
(T
ha
m
no
ph
ili
da
e)
D
us
ky
an
tb
ir
d
C
er
co
m
ac
ra
ty
ra
nn
in
a
8
1
9
27
3
N
N
o
va
ri
at
io
n
50 an
d
56
T
er
ry
B
ur
ke
Pe
le
ca
ni
fo
rm
es
Fr
eg
at
id
ae
M
ag
ni
fi
ce
nt
fr
ig
at
eb
ir
d
F
re
ga
ta
m
ag
ni
fi
ce
ns
4
2
2
26
4
27
2
Y
50
A
xa
R
oc
ha
-O
liv
ar
es
”
Ph
al
ac
ro
co
ra
ci
da
e
So
ut
h
G
eo
rg
ia
sh
ag
P
ha
la
cr
oc
or
ax
ge
or
gi
an
us
4
2
2
26
5
27
1
Y
50
R
ic
ha
rd
Ph
ill
ip
s
Pi
ci
fo
rm
es
Pi
ci
da
e
A
co
rn
w
oo
dp
ec
ke
r
M
el
an
er
pe
s
fo
rm
ic
iv
or
us
4
1
3
27
2
N
N
o
va
ri
at
io
n
50 an
d
56
Jo
ey
H
ay
do
ck
Pr
oc
el
la
ri
if
or
m
es
D
io
m
ed
ei
da
e
(P
ro
ce
lla
ri
id
ae
)
W
an
de
ri
ng
al
ba
tr
os
s
D
io
m
ed
ea
(e
xu
la
ns
)
ex
ul
an
s
4
2
2
26
6
27
2
Y
50
R
ic
ha
rd
Ph
ill
ip
s
”
Pr
oc
el
la
ri
id
ae
So
ut
he
rn
gi
an
t
pe
tr
el
M
ac
ro
ne
ct
es
(g
ig
an
te
us
)
gi
ga
nt
eu
s
4
2
2
26
7
27
0
Y
50
Fi
on
a
H
un
te
r
”
”
N
or
th
er
n
fu
lm
ar
F
ul
m
ar
us
gl
ac
ia
li
s
6
3
3
26
5
26
9
Y
50
E
w
an
W
ak
ef
ie
ld
Ps
itt
ac
if
or
m
es
Ps
itt
ac
id
ae
T
hi
ck
-b
ill
ed
pa
rr
ot
R
hy
nc
ho
ps
it
ta
pa
ch
yr
hy
nc
ha
4
2
2
26
8
26
9
Y
1
bp
di
ff
er
en
ce
50
D
av
id
Je
gg
o
”
”
K
ea
N
es
to
r
no
ta
bi
li
s
4
2
2
27
1
N
N
o
va
ri
at
io
n
50
T
er
ry
B
ur
ke
”
”
C
ap
e
pa
rr
ot
P
oi
ce
ph
al
us
ro
bu
st
us
8
1
2
26
8
27
1
Y
50
K
er
ry
Pi
lla
y,
T
ia
w
an
na
T
ay
lo
r
”
”
K
ak
ap
o
St
ri
go
ps
ha
br
op
ti
lu
s
5
2
3
26
6
27
2
Y
56
B
ru
ce
R
ob
er
ts
on
”
”
R
oc
k
pa
rr
ot
N
eo
ph
em
a
pe
tr
op
hi
la
2
1
1
26
8
27
1
Y
50
T
ia
w
an
na
T
ay
lo
r
”
”
C
ri
m
so
n
ro
se
lla
P
la
ty
ce
rc
us
el
eg
an
s
7
2
5
26
7
27
1
Y
50
M
at
t
B
er
g
”
”
R
up
el
li
’s
pa
rr
ot
P
oi
ce
ph
al
us
ru
ep
pe
ll
ii
2
1
1
26
8
27
1
Y
50
T
ia
w
an
na
T
ay
lo
r
”
”
B
la
ck
he
ad
ed
ca
iq
ue
P
io
ni
te
s
m
el
an
oc
ep
ha
lu
s
4
2
2
26
8
27
1
Y
50
T
ia
w
an
na
T
ay
lo
r
”
”
G
re
at
er
va
sa
pa
rr
ot
C
or
ac
op
si
s
va
sa
9
5
4
26
9
N
N
o
va
ri
at
io
n
50
Jo
n
E
ks
tr
om
Sp
he
ni
sc
if
or
m
es
Sp
he
ni
sc
id
ae
A
de
lie
pe
ng
ui
n
P
yg
os
ce
li
s
ad
el
ia
e
4
1
1
26
6
27
2
Y
50
Fi
on
a
H
un
te
r
”
”
G
en
to
o
pe
ng
ui
n
P
yg
os
ce
li
s
pa
pu
a
14
9
5
26
6
27
2
Y
50
R
ic
ha
rd
Ph
ill
ip
s
”
”
M
ac
ar
on
i
pe
ng
ui
n
E
ud
yp
te
s
sc
la
te
ri
20
4
9
26
5
27
1
Y
50 an
d
56
R
ic
ha
rd
Ph
ill
ip
s
”
”
C
hi
ns
tr
ap
pe
ng
ui
n
P
yg
os
ce
li
s
an
ta
rc
ti
ca
3
1
2
26
6
27
2
Y
50
T
om
H
ar
t
St
ri
gi
fo
rm
es
T
yt
on
id
ae
B
ar
n
ow
l
(H
un
ga
ri
an
)
T
yt
o
al
ba
gu
tt
at
a
32
16
16
27
2
N
N
o
va
ri
at
io
n
56
A
ko
s
K
le
in
A New Spindlin Bird Sex-Typing Marker 9
Zoo Biology
T
A
B
L
E
3.
(C
on
ti
nu
ed
)
B
.
Z
43
B
as
se
ss
ed
in
ra
tit
es
an
d
th
e
sa
ltw
at
er
cr
oc
od
ile
(C
ro
co
dy
lu
s
po
ro
su
s)
O
rd
er
(s
ub
-o
rd
er
)a
N
C
B
I
ta
xo
no
m
ic
cl
as
si
fi
ca
tio
n
Sp
ec
ie
s
B
in
om
ia
l
na
m
e
n
K
n. F
K
n. M
Z
43
B
W
al
le
le
si
ze
(b
p)
Z
43
B
Z
al
le
le
si
ze
(b
p)
Se
xe
d
w
ith
Z
43
B
N
ot
es
T
a
(°
C
)
Sa
m
pl
es
su
pp
lie
d
by
A
ve
s;
Pa
la
eo
gn
at
ha
e
R
at
ite
s
A
pt
er
yg
if
or
m
es
A
pt
er
yg
id
ae
B
ro
w
n
ki
w
i
A
pt
er
yx
au
st
ra
li
s
7
3
4
26
7
27
3
Y
56
M
 ao
ri
le
ad
er
s
co
un
ci
l,
N
ew
Z
ea
la
nd
D
ep
ar
tm
en
t
of
C
on
se
rv
at
io
n
C
as
ua
ri
if
or
m
es
C
as
ua
ri
id
ae
So
ut
he
rn
ca
ss
ow
ar
y
C
as
ua
ri
us
ca
su
ar
iu
s
3
0
0
27
3
–
N
o
kn
ow
n
se
xe
s
56
L
eo
n
H
uy
en
”
D
ro
m
ai
id
ae
E
m
u
D
ro
m
ai
us
no
va
e
5
0
0
27
3
–
N
o
kn
ow
n
se
xe
s
56
D
om
in
qu
e
B
la
ch
e
R
he
if
or
m
es
R
he
id
ae
L
es
se
r
rh
ea
(D
ar
w
in
’s
rh
ea
)
R
he
a
pe
nn
at
a
(P
te
ro
cn
em
ia
pe
nn
at
a)
3
0
0
27
3
–
N
o
kn
ow
n
se
xe
s
56
Jo
se
ph
in
e
Pe
m
be
rt
on
St
ru
th
io
ni
fo
rm
es
St
ru
th
io
ni
da
e
O
st
ri
ch
St
ru
th
io
ca
m
el
us
5
0
0
27
3
–
N
o
kn
ow
n
se
xe
s
56
Je
ff
G
ra
ve
s
R
ep
til
es
–
Sa
ltw
at
er
cr
oc
od
ile
C
ro
co
dy
lu
s
po
ro
su
s
7
0
0
27
3
–
N
o
kn
ow
n
se
xe
s)
56
W
in
st
on
K
ay
C
.
Su
m
m
ar
y
of
th
e
su
cc
es
s
of
th
e
Z
43
B
m
ar
ke
r
fo
r
se
x-
ty
pi
ng
bi
rd
s
N
on
-r
at
ite
s
R
at
ite
s
T
ot
al
N
um
be
r
of
sp
ec
ie
s
te
st
ed
w
ith
kn
ow
n
se
xe
s
(k
no
w
n
fe
m
al
es
an
d
m
al
es
fo
r
ea
ch
sp
ec
ie
s)
61
1
62
N
um
be
r
of
sp
ec
ie
s
w
ith
no
si
ze
va
ri
at
io
n
ob
se
rv
ed
be
tw
ee
n
W
an
d
Z
al
le
le
s
(c
ou
ld
be
fa
ilu
re
of
W
al
le
le
to
am
pl
if
y
or
id
en
tic
al
ly
si
ze
d
W
an
d
Z
al
le
le
s;
no
t
se
xe
d)
18
0
18
N
um
be
r
of
sp
ec
ie
s
w
ith
Z
po
ly
m
or
ph
is
m
pr
ev
en
tin
g
se
xi
ng
1
0
1
N
um
be
r
of
sp
ec
ie
s
w
ith
Z
po
ly
m
or
ph
is
m
bu
t
st
ill
ab
le
to
as
si
gn
se
x
2
0
2
N
um
be
r
of
sp
ec
ie
s
w
he
re
fe
m
al
es
w
er
e
ho
m
oz
yg
ou
s
an
d
W
al
le
le
w
as
a
di
ff
er
en
t
si
ze
to
Z
al
le
le
(s
o
st
ill
ab
le
to
as
si
gn
se
x)
2
0
2
N
um
be
r
of
sp
ec
ie
s
w
ith
a
1
bp
di
ff
er
en
ce
be
tw
ee
n
W
an
d
Z
al
le
le
(s
til
l
ab
le
to
as
si
gn
se
x)
3
0
3
T
ot
al
nu
m
be
r
of
sp
ec
ie
s
w
hi
ch
w
er
e
su
cc
es
sf
ul
ly
se
x-
ty
pe
d
42
(6
9%
)
1
43
(6
9%
)
N
um
be
r
of
or
de
rs
te
st
ed
w
ith
kn
ow
n
se
xe
s
(k
no
w
n
fe
m
al
es
an
d
m
al
es
)
15
1
16
N
um
be
r
of
or
de
rs
in
w
hi
ch
so
m
e
sp
ec
ie
s
w
er
e
se
xe
d
10
(6
7%
)
1
11
(6
9%
)
N
um
be
r
of
fa
m
ili
es
te
st
ed
w
ith
kn
ow
n
se
xe
s
(k
no
w
n
fe
m
al
es
an
d
m
al
es
)
30
1
31
N
um
be
r
of
fa
m
ili
es
in
w
hi
ch
so
m
e
sp
ec
ie
s
w
er
e
se
xe
d
21
(7
0%
)
1
22
(7
1%
)
n,
nu
m
be
ro
fi
nd
iv
id
ua
ls
ge
no
ty
pe
d;
K
n.
F;
K
n.
M
,n
um
be
ro
fk
no
w
n
fe
m
al
es
or
m
al
es
,r
es
pe
ct
iv
el
y,
ge
no
ty
pe
d
(s
ex
ba
se
d
on
m
or
ph
ol
og
y,
be
ha
vi
or
or
PC
R
-s
ex
ed
w
ith
P2
–
P8
[G
ri
fﬁ
th
s
et
al
.,
19
98
]
an
d/
or
25
50
F-
27
18
R
[F
ri
do
lf
ss
on
an
d
E
lle
gr
en
,1
99
9]
an
d/
or
Z
-0
02
[D
aw
so
n,
20
07
];
Y
,y
es
;
N
,n
o;
bp
,b
as
e
pa
ir
.
a C
la
ss
iﬁ
ca
tio
n
ba
se
d
on
Si
bl
ey
an
d
M
on
ro
e
[1
99
0]
.
10 Dawson et al.
Zoo Biology
there are base mismatches between the target and primer
sequence (DAD unpublished data). PCR ampliﬁcation was
performed using a DNA Engine Tetrad thermal cycler (Bio-
Rad, Hemel Hempstead, UK). PCR ampliﬁcation conditions
were 94°C for 15min; then 45 cycles of 94°C for 30 sec,
50°C (or 56°C) for 30 sec, 72°C for 30 sec; followed by one
cycle of 72°C for 10min. During the initial testing, an
annealing temperature of 56°C was used successfully for
some species but when tested in a larger number of species,
an annealing temperature of 50°C produced stronger and
more speciﬁc ampliﬁcation. PCR products were diluted to
1:1500/1:1600 prior to separation on a 48-capillary ABI
3730 DNA Analyzer possessing Prism set D. The PCR
product was ﬁrst diluted to 1:150 or 1:160 (product: water)
then 1ml of this was added to 9ml of HiDi Formamide that
contained the ROX size standard (Applied Biosystems,
Warrington, UK; 4.5/5ml of ROX size standard was added to
1ml of Formamide). Allele sizes were compared against
ROX size standards and assigned using GeneMapper
software (Applied Biosystems).
RESULTS
Sequence Alignments
After including a single degenerate base in the reverse
primer, both primer sequences are an exact (100%) match to
the 15 homologs in 14 avian species (including eight on the
Z chromosome, six unmapped, the chicken W chromosome;
and the saltwater crocodile) (Table 2A and B).
Success of the Z43B Marker for Sex-Typing Birds
Primer sequences, primermelting temperatures, and the
expected and observed allele sizes in zebra ﬁnch and chicken
are provided (Table 2A and B). The observed allele sizes in
zebra ﬁnch were W¼ 261 bp and Z¼ 272 bp (Tables 2B and
3). The observed size of the Z allele exactly matched the
expected size based on the zebra ﬁnch sequence (272 bp,
Table 2B). The observed size of the zebra ﬁnch W allele
ampliﬁed was 261 bp (Table 2B, noW sequence available for
calculating the expected allele size). In those species forwhich
known Z andW homologs were available, the observed allele
sizes ampliﬁedmatched those expected (for chicken, mallard,
and turkey; Z 2 bp, W 2 bp; Tables 2A and 3). These
matches between the expected and observed allele sizes
conﬁrm that the correct locus was ampliﬁed.
All of the 66 bird species tested ampliﬁed, as did the
saltwater crocodile, demonstrating the conserved nature of
the primer set (Table 3). A 12-well gradient PCR (41–65°C)
revealed that zebra ﬁnch Z andW alleles were both ampliﬁed
with annealing temperatures between 41 and 58°C but when
the annealing temperature was above 58°C the W allele
dropped out. For most species an annealing temperature of
50°C produced the strongest and most speciﬁc products and
ampliﬁed both the W and Z alleles but some species could
be successfully sexed when ampliﬁed with an annealing
temperature of 56°C (Table 3). Forty-two of the 61 non-ratite
species tested could be successfully sexed with the Z43B
marker (69%), as they possessed ampliﬁable W and Z
homologs of different allele sizes (Table 3). The species
successfully sexed belonged to 10 of the 15 non-ratite orders
tested and included ducks, shorebirds, cranes, eagles,
falcons, passerines, penguins, and parrots (Table 3). Addi-
tionally, sex-typing was successful for a ratite species, the
brown kiwi (Table 3). Several of the successfully sexed
species were impossible/difﬁcult to sex-type with the P2–P8
marker set, including the black-billed magpie, albatross,
petrel, eagle, falcon, crane, and penguin species (Table 3).
The size of the Z and W amplicons ranged between
260 and 282 bp (Table 3). The difference between the
Z43BW and Z alleles, within a species, was relatively small
in most species (1–16 bp); therefore, allele discrimination
required resolution and analysis on an ABI DNA Analyzer
(Applied Biosystems). In three species (an eagle, buzzard,
and parrot), the size difference between the W and Z allele
size was only one base-pair and required careful binning of
the alleles (avoiding the automatic decimal place round-up
performed by some software). We checked the accuracy of
the sexing results in these three species by typing more
individuals and found that the size of theW and Z alleles was
chromosome-speciﬁc in all of the 10 white-tailed sea eagles
(Haliaeetus albicilla), 10 common buzzards (Buteo buteo),
and 4 thick-billed parrots (Rhynchopsitta pachyrhyncha)
tested, conﬁrming accuracy (Table 3).
For most of the species successfully sexed (38/42),
females were always heterozygous and males always
apparently homozygous (i.e., hemizygous). Two species
displayed Z allele polymorphism but theW and Z allele sizes
did not overlap so they could still be sexed (whiskered auklet
Aethia pygmaea, Terek sandpiper Xenus cinereus) and for
two species females (and males) were homozygous and the
female (W) allele was a different size to that of the male (Z)
allele so could also be sexed (ruff Philomachus pugnax,
European bee-eater Merops apiaster; Table 3). In these last
two cases, we presume the (smaller) W allele was ampliﬁed
in females in preference to the Z allele [Toouli et al., 2000].
The diagnostic W allele was smaller than the Z allele in all
species sexed, except for the black-billed magpie (Table 3).
For conﬁdence in the accuracy of sex typing data, we
recommend sex-typing using multiple markers (ideally
designed from different loci), multiple individuals and
populations and whenever possible, to include multiple
known sex individuals (of both sexes).
Species That Could Not Be Sexed
Of the 19 homologs (16 species) originally compared in
the alignment, only four homologs: the turkey W, turkey Z,
mallard W, and Emperor penguin Aptenodytes forsteri
homolog possessed mismatches to the primers. The turkey
andmallard displayed only one to two primer base mismatches
to one or both primers, The Emperor penguin (unknown chr.)
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displayed poor homology to the CK309496 sequence, possibly
due to sequence quality and was not used in the alignment. For
the turkey, a comparison of the online Z and W sequences
suggested two alleles differing by 10bp were expected to be
ampliﬁed, a Z allele (271 bp) and a second allele (261 bp)
presumed to be theW allele (but currently assigned to a second
location on the Z chromosome, Table 2A). Despite two base
mismatches in the forward primer, the expected Z allele was
still ampliﬁed in turkey (272 bp; Table 2A). Two base
mismatches also exist between the Z43B reverse primer and
the turkey presumedWallele (Table 2A), and thesemay ormay
not lead to the W allele failing to amplify in this species (no
female turkey samples were available to test). A small number
of base mismatches between the primer and target do not
always cause ampliﬁcation failure. For example, two base
mismatches between the reverse primer bind site and the
mallard W chromosome (different mismatches to those in
turkey) did not prevent the mallard W allele from amplifying
(W¼ 263 bp, Z¼ 272 bp; Table 3).
Nineteen of the 61 non-ratites species tested could not
be sexed (Table 3). In some species, it may be that
the W allele required a lower PCR annealing temperature to
amplify. None of the four Galliform species tested could be
sexed because there was no difference between the ampliﬁed
allele sizes in males and females (chicken, red grouse
Lagopus lagopus scotica, common pheasant Phasianus
colchicus, and Australian brush-turkey Alectura lathami;
Table 3). A small (1 bp) difference between the chicken Z
and W homologes was calculated from the Z
and W sequences available online (Table 3); however, since
no size difference was observed between the ampliﬁed
chicken Z and W alleles (and because the primers were an
identical [100%] match to the chicken W and Z sequence) it
was assumed this sequence length difference is a sequencing
base-call error or a result of different chicken breed/strains
sequenced and is not a sex associated size difference. In three
orders (Charadriiformes, Passeriformes, Psittaciformes),
some species could be sex-typed and others not. The Z43B
marker ampliﬁed but failed to sex four species that were the
single representatives of their order: a dove, an owl, a
hornbill, and a woodpecker (Table 3).
DISCUSSION
Failure to Distinguish Between Sexes
Most of the species that could not be sexed displayed
only a single allele of the same size in males and females
(Table 3). Only one species could not be sexed due to Z
polymorphism, the turnstone (Arenaria interpres), which
displayedWandZalleles that overlapped in size (Table 3).All
of the species tested ampliﬁed, and for the majority of species
all of the individuals tested ampliﬁed, including males (ZZ)
and females (ZW), suggesting the Z allele is amplifying well.
Failure of a species to bePCRsex-typedwith theZ43Bmarker
was mostly due to a lack of size difference between the Z
and W alleles or failure of the W allele to amplify (Table 3).
The comparison of allele sizes obtained when genotyping
does not allow us to distinguish which of these two reasons
was the cause of failure in the different species. However, this
could be investigated if these regions were MiSeq sequenced
in each species (ideally in a female individual and with
sequencing extending across the primer-bind regions of the Z
and W homolog).
Z-polymorphism
As for all (published) sex-typing markers, Z43B may
display Z-polymorphism in any other untested species/
populations or when assessed in a larger number of
individuals, illustrating the need for alternative markers to
check sex-typing data.We note that the whiskered auklet was
observed to display Z-polymorphism with both the Z43B
(this study) and P2–P8 primer sets [Dawson et al., 2001], a
point that may be of interest to those studying the
evolutionary history of this and related species.
Utility of the Z43B Marker for Distinguishing
Between Species
There was some variation in the sizes of the Z
homologs in different species (11 bp), when compared
to the zebra ﬁnch (Z¼ 272 bp) and also variation in the
W homologs (10 bp), as compared with zebra ﬁnch
(W¼ 261 bp), suggesting this marker possesses potential
utility for distinguishing species or identifying hybrids (e.g.,
Lifjeld et al. [2010]).
CONCLUSION
The Z43Bmarker is of high utility for sex-typing most
bird species. It is informative in species that are difﬁcult to
sex-type with other markers and provides a second marker to
conﬁrm the accuracy of sex-typing data.
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